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Error estimation
To demonstrate the validity of this quantitative analysis method for iDPC images and estimate the level of error bars, we first measure the polarization in a single PbTiO 3 film with thickness ~100 nm on SrTiO 3 substrate in fig. S4 and fig. S6 . Although the SrTiO 3 is cubic, a small displacement is observed in it as can be witnessed in fig. S6C , mainly due to the optical misalignments (e.g., specimen mistilt and residual lens aberrations herein) (33) and structural inhomogeneity along the electron beam direction. Such small artificial displacements cause an artificial polarization in SrTiO 3 , which can be taken as the error bars of the quantitative image analysis. Note that the optical misalignment induced errors can occur for all the image modes, including high resolution TEM (23) , high angle annular dark field image (34), annular bright field image (33, 35) . Specifically, both of the mistilt and coma can cause the movement of center of mass (COM) compared to the perfectly aligned case without aberration (35). For the light oxygen, the optical misalignment induced COM movement is more significant than that of the heavy cations (35). Therefore, in such case the relative position measurement between cations and oxygen would be inaccurate. There are a few methods can help us to detect and minimize the effects of optical misalignments (33, 35) and it can also be effectively corrected during post data processing (29). In our study, the mistilt and residual aberration induced artificial displacements are small by the careful alignment during experiments and further eliminated/minimized by using the SrTiO 3 layer as the reference for calibration during data analysis.
During experimental operation, we tried our best to minimize such artifacts by careful alignment.
In fig. S6C , the measured displacements in SrTiO 3 substrate is (3.2±2.0) pm between Sr and O, and (4.0±1.9) pm between TiO and O. The mean values (e.g., 3.2 pm and 4 pm) mainly represent the effects of specimen tilt and residual lens aberration, while the standard deviation (2.0 pm and 1.9 pm) mainly comes from the structural inhomogeneity for each atomic column along the electron beam direction. Therefore, we can safely say that 4.5 pm (~√44 + 22 is the typical level of error bars for the displacement measurements under our experimental conditions. This value 4.5 pm corresponds to a polarization ~11.9 µC cm −2 for SrTiO 3 , ~11.1 µC cm −2 for BaTiO 3 and 11.8 µC cm −2 for PbTiO 3 . Therefore, if the polarization in a material system is well above the error level, it can be directly mapped by the iDPC at subunit-cell level. It should be pointed out that the measurement precision becomes worse for those specimens with large structural inhomogeneity as the iDPC can only provide two-dimensional projected information same as HAADF, ABF and negative Cs, which may be solved in future by combing with threedimensional imaging techniques (32).
Validation and limitation of iDPC
In a case of tiny artificial displacement occurring in SrTiO 3 , for simplicity, we assume the same artifacts exist in the PbTiO 3 . Therefore, the displacements in PbTiO 3 are calibrated by setting the mean of displacements in the neighboring SrTiO 3 (in the same image) to be zero and thus the effects of optical misalignment are effectively corrected. The real polarization in the PbTiO 3 therefore can be extracted. In fig. S6D , the polarization of PbTiO 3 is (93.8±14.4) µC cm −2 after calibration. We measured 19 iDPC images of the PbTiO 3 /SrTiO 3 in fig. S4 . The average polarization for PbTiO 3 is measure (94.6±20.2) µC cm −2 , which is comparable with those reported in the literatures from other measurement methods, e.g., 88 µC cm −2 from Firstprinciples calculations (36), 100 µC cm −2 from HAADF imaging (37), 80 µC cm −2 from ABF imaging (38), demonstrating the validity of this method. Note that the root mean square rms = 11.9 pm in PbTiO 3 is much larger than that in SrTiO 3 , which is in good agreement with previous studies (11) suggesting the structural inhomogeneity can be very different in different regions and materials. For the ferroelectric vortex in this superlattice system, the previous dark field image showed that the vortex tube is straight and uniform over a few hundreds of nanometers (10), DFT calculation (28) and three-dimensional phase-field simulation (10) suggested the polarization only has two components P z (out-of-plane) and P x (in-plane), while no net polarization along the electron beam direction (labeled as y). Therefore, the two-dimensional projected iDPC images still give us the key information of polarization distribution in every ferroelectric vortex. Again, atomically resolved three-dimensional electron microscopy (32) should be helpful to measure the structure variation along the vortex tube direction in future.
Along the [010] viewing direction, the projected distance between Ti and O is about 32 pm for the bulk PbTiO 3 (36). As the Ti contributes more to electron channeling along the TiO column and dominates its contrast, we cannot distinguish the Ti and O in the TiO column along the [010] viewing direction from our current electron microscope with best spatial resolution 60 pm.
Although the Ti and O can be completely resolved along [110] direction (5), considering the vortex tube is along [010] direction, projected image of vortex along [110] always have different structure overlapped with each other. Therefore, we still cannot accurately measure the shift between Ti and O from [110] direction. Even within a single vortex, the channeling effect is different due to the large structural distortion, which further leads to change in the intensity for atomic columns. The positions of atom columns that are determined by the 2D Gaussian fitting of the intensity, however, should not be significantly affected. Therefore, the measured polarization from the distorted vortex region is still reliable. The GPA was performed using a free FRWRtools plugin for the Digital Micrograph. 
